ABSTRACT Ion channel behaviour can depend strongly on temperature, with faster kinetics at physiological temperatures 13 leading to considerable changes in currents relative to room temperature. These temperature-dependent changes in voltage-14 dependent ion channel kinetics (rates of opening, closing and inactivating) are commonly represented with Q 10 coefficients 15 or an Eyring relationship. In this paper we assess the validity of these representations by characterising channel kinetics at 16 multiple temperatures. We focus on the hERG channel, which is important in drug safety assessment and commonly screened 17 at room temperature, so that results require extrapolation to physiological temperature. In Part I of this study we established a 18 reliable method for high-throughput characterisation of hERG1a (Kv11.1) kinetics, using a 15 second information-rich optimised 19 protocol. In this Part II, we use this protocol to study the temperature dependence of hERG kinetics using CHO cells over-20 expressing hERG1a on the Nanion SyncroPatch 384PE, a 384-well automated patch clamp platform, with temperature control. 21 We characterise the temperature dependence of hERG gating by fitting the parameters of a mathematical model of hERG kinetics 22 to data obtained at five distinct temperatures between 25 and 37 • C, and validate the models using different protocols. Our models 23 reveal that activation is far more temperature sensitive than inactivation, and we observe that the temperature dependency of 24 the kinetic parameters is not represented well by Q 10 coefficients: it broadly follows a generalised, but not the standardly-used, 25 Eyring relationship. We also demonstrate that experimental estimations of Q 10 coefficients are protocol-dependent. Our results
INTRODUCTION
of the applicability of these representations has not yet been undertaken.
66
In this paper, we study and model the temperature dependence of hERG kinetics using a cell-specific fitting technique, for a 67 range of room-to-physiological temperatures. We employ a staircase protocol that is applicable in automated high-throughput 68 patch clamp systems, developed in Part I of this study (16) . We use a mechanistic model and its parameterisation to characterise 69 hERG kinetics at multiple temperatures, and compare whether these follow the temperature dependence of rate theories. Below, 70 we compare commonly-used temperature adjustments/models for hERG kinetic rates -the Eyring relationship and the Q 10 71 coefficient.
72

Models of transition rates and their temperature dependence
73
Mathematical ion channel models are often expressed as a Hodgkin-Huxley model (17) or a Markov state model (18), and both 74 have rates (which we will call k) for transitions between the channel gates/states. To derive the rate k of transition between two 75 states, the occupancy of two states p(a), p(b) at equilibrium is assumed to follow a Maxwell-Boltzmann distribution:
where ∆G is the Gibbs free energy difference between the a and b states, R the ideal gas constant, and T the absolute temperature.
77
The Gibbs free energy ∆G is assumed to be linearly proportional to the membrane potential V. Assuming a simple energy 78 barrier model, where only one rate-limiting step is required to transition between two states, the transition rate k is then directly 79 proportional to the fraction of system in the excited state, which leads to the commonly-used exponential form (19-21)
where A, B are model parameters (constants). In this study, we use the terms 'Parameter A' and 'Parameter B' to refer to A and 81 B in Eq. 2.
82
Eyring formulations 83 The temperature dependence of channel transitions is embodied in the Eyring equation. 
with physical constants: k B the Boltzmann constant, R the ideal gas constant, h the Planck constant, F the Faraday constant,
87
T the absolute temperature, and V the trans-membrane voltage. The following are unknowns (or 'kinetic parameters') to 88 be determined: ∆S the entropy difference, ∆H the enthalpy difference, z e the effective valency of the structure undergoing 89 conformational change. A more generalised Eyring relationship can be given by
where D is a coefficient that describes a temperature-independent effect of voltage on the transition rate. The Generalised
91
Eyring relationship is commonly used in the field of engineering, for example (24-27), although to the best of our knowledge it
92
has not been directly applied to ion channel modelling.
93
Without loss of generality, we can rewrite (reparameterise) Eq. 4, using unknowns a GE , b GE , c GE , d GE , absorbing all other 94 constants into these four new parameters, as
where a GE = (k B /h) exp(∆S/R), b GE = ∆H/R, c GE = (z e F)/R, and d GE = D. By comparing Eq. 2 and Eq. 5, then we have
ln(A/T) = ln(a GE ) − b GE · T −1 ,
and · α · exp (βV)
Here, α and β are parameters for the rate, and 
and
where a Q10 = (ln Q 10 )/10 • C, c Q10 = ln α − (T ref ln Q 10 )/10 • C. Therefore, if the Q 10 formulation is accurate, then plotting 105 ln(A/T) against T −1 should yield a non-linear relationship, and B against T −1 is a horizontal line.
106
A theoretical comparison of the Eyring formulation and Q 10 coefficient 107 We now compare the Generalised Eyring relationship (Eq. 4), the Typical Eyring relationship (Eq. 3) and the Q 10 expression
108
(Eq. 9). Note that the Eyring relationships have been related to the Q 10 expression (19, 31) to interpret the Q 10 coefficient as the 109 change of entropy and enthalpy. However, in this study, we treat the two formulations independently.
110
For parameter A in Eq. 2, under the Eyring plot which we plot ln(A/T) (on the y-axis) against 1/T (x-axis), both the
111
Generalised Eyring and Typical Eyring relationships (Eq. 7) give y = mx + c which is a straight line; while the Q 10 expression 112 (Eq. 11) becomes y = a/x + ln(x) + b which is not. This difference could be used to tell which theory is correct, but within our (Nanion order number #221102) were used. Solutions used in all measurements are provided in Table S1 in the Supporting
148
Material.
149
A total of of 9 voltage clamp protocols were used, including the staircase protocol (16), an activation current-voltage (I-V)
150
protocol, a steady-state inactivation I-V protocol, a hERG screening protocol, a delayed afterdepolarization (DAD)-like protocol, 
154
Only the staircase protocol was used in fitting (or calibrating) the mathematical model. The fitted models for each cell were 155 then validated by comparing their predictions for the other 8 protocols to the experimental recordings.
156
Temperature control
157
The SyncroPatch platform has a temperature control unit with software PE384TemperatureControl, which consists of a consists of a heater with a fan, it better maintains temperatures higher than room temperature than those close to room 161 temperature. Therefore, the lowest temperature we could maintain indefinitely was 25 • C, which is determined by the room 162 temperature (≈ 22 • C) plus heat generated by the machine's operation (≈ 3 • C), even if the heat controller itself was set to a 163 lower temperature.
164
To ensure that we recorded the temperature correctly, an external K-Type thermometer was used to ensure the temperature 165 difference between the measuring stage and the machine in-built temperature monitors was 0. 
where g Kr is the maximal conductance, a is a Hodgkin and Huxley (17) activation gate, and r is an inactivation gate. E K is the 193 reversal potential, also known as the Nernst potential, which is not inferred but is calculated directly using
where R is the ideal gas constant, T is the absolute temperature, F is the Faraday constant, and z is the valency of the ions (equal to 1 for K
denote the extracellular and intracellular concentrations of K + respectively, which are determined by the experimental solutions, 4 mM and 110 mM respectively. The two gates are governed by
where
Therefore our model consists of 9 positive parameters θ = {p 1 , · · · , p 8 , g Kr }, each of is to be inferred from the experimental 195 current recordings.
196
Simulations were run using Myokit (46), with tolerance settings for the CVODE solver (47) set to abs_tol = 
where we assumed the noise term follows a normal distribution ∼ N (0, σ 2 ). Writing y = {y k } for the experimental data
206
(I data Kr ) and z = {z k } for a simulated vector (I model Kr ), the likelihood of observing a data set y given φ is
Bayes' theorem can then be applied to calculate the likelihood of a parameter set given experimental data as
with the prior
where U(·) represents a uniform distribution, for details see Lei et al. (16) .
208
For each temperature T, we combined multiple experimental recordings using a hierarchical Bayesian model, as in Lei et al. (16) . The full hierarchical Bayesian likelihood is given by 
213
We assumed φ j for a particular cell (experiment) j follows a multivariate normal distribution, namely φ j ∼ N (µ, Σ). There 214 are two distributions describing the well-well variability in this hierarchical Bayesian model, one is the variability of the 215 samples of the mean parameter vector µ, and the other is the covariance matrix Σ. As described in the discussion of Lei et al.
216
(16), if we believe the well-well variability represented by Σ is primarily due to different patch clamp artefacts in each well,
217
then the uncertainty in µ represents our uncertainty in the underlying physiology, and we therefore believe it corresponds to 218 our uncertainty in the physiological hERG temperature response, rather than our expected variability in the results of future 219 experiments which would require Σ too.
220
For the choice of likelihoods and priors and sampling algorithms we used the simplified pseudo-Metropolis within Gibbs Python package, PINTS (48); code is provided as described above.
223
Fitting Eyring and Q 10 relationships 224 To investigate how well the two temperature models, the Generalised Eyring and the Q 10 relationships, can explain the 225 temperature dependency of hERG kinetics, we fitted the two temperature models to the inferred distribution of the mean 226 parameter vector µ(T) for all temperatures T. To do so, first we transformed both the temperature models and µ(T) to the
227
Eyring plot form (see Figure 1 ). Second, we modelled the marginal distribution of µ(T) of p i at each T in the Eyring plot using 228 a normal distribution with meanμ i (T −1 ) and standard deviation σ µ,i (T −1 ). We further assumed bothμ i (T −1 ) and σ µ,i (T 
RESULTS
242
Temperature dependence of recordings 
267
We applied the same error measure as in Part I of the study to quantify the fits and predictions -the relative root mean 
280
If the model kinetics were exhibiting temperature dependence following Q 10 or Eyring rate theory, then lines whose function 281 is specified by these principles would fit the inferred parameters in Figure 5 .
282
In Figure 5 , most parameters show an obvious monotonic trend as temperature increases; although a handful take a slightly Figure S8 . We will compare these inferred parameters with the theoretical relationships in detail in the next section.
286
We then applied Eqs. 16 & 17 to calculate the steady-states a ∞ , r ∞ and time constants τ a , τ r at the 5 temperatures, using the 287 mean of the inferred distribution of µ at each temperature. Figure 6 shows the resulting voltage dependency of the steady-states slope factor. However, the steady-state of the inactivation gate r does not show a prominent change over temperatures.
294
The time constant of both gates τ a , τ r show a similar effect as temperature increases; the maximum τ a drops from 13.2 s with model parameters plotted directly against temperature is shown in Figure S9 in the Supporting Material. The Generalised
302
Eyring fits are shown as green fan charts with the first three standard deviations; the Q 10 fits are shown similarly in red. The 
306
From the illustration in Figure 1 , we expect the Generalised Eyring and Q 10 formulations to be indistinguishable for the A 307 parameters, and indeed in Figure 7 , the green fan charts (Generalised Eyring) are on top of the red fan charts (Q 10 ) in the first 308 row: both formulations are able to fit to the inferred model's A parameters. Figure 7 shows that the Generalised Eyring equations fit better to the inferred model B parameters than the Q 10 equations.
310
The Generalised Eyring equations are able to fit the inferred model parameters to a large extent except for p 2 ; whereas the B 311 parameters in the Q 10 equations are not temperature dependent (by definition), which is contradicted by our observations.
312
Furthermore, it is evident that for parameters p 4 , p 6 the two lines cannot intercept the y-axis close to the origin, as they are 313 decreasing rather than increasing on these plots. Parameters p 2 and p 8 also have non-zero estimates of D in the Generalised
314
Eyring relationship, indicating that the Typical Eyring relationship cannot be fit to any of our B parameters. The closest Typical
315
Eyring relationship for p 8 is actually the example shown earlier in the bottom panel of Figure 1 . The gradient of the Generalised
316
Eyring fit is approximately twice as steep as the Typical Eyring fit would require for this parameter.
317
In the literature, Q 10 coefficients for biological processes such as channel gating are commonly thought to take values 318 from around 2 to 3 (50). To investigate this assumption, we projected our 25 • C model parameters directly using Eq. 9 with The staircase protocol which is used as the calibration protocol, the activation current-voltage (I-V) protocol, the steady-state inactivation I-V protocol, the hERG screening protocol, the DAD-like protocol, the EAD-like protocol, and the cardiac action potential-like protocol at 0.5 Hz, 1 Hz and 2 Hz, respectively. All the model calibration results and validation predictions are shown in the top panels (orange), and are compared against the experimental recordings shown in the bottom panels (blue). Zoomed-in of the green shaded regions are shown underneath each panel to reveal the details of the spikes, in which our models show extraordinary good predictions to the details. The normalised current for all protocols are shown except for the activation I-V protocol and the steady-state inactivation I-V protocol where the summary statistic I-V relationships are shown. Each cell is shown with a unique colour. 
DISCUSSION
334
In this study we have examined the temperature dependence of hERG kinetics, at five temperatures ranging from room to body 335 temperature, with 45 to 124 cells per temperature. We have used a mechanistic model and its parameterisation to capture our 336 knowledge of the hERG kinetics. By assuming that all cells share the same mechanism underlying hERG kinetics we have 337 based our study on the inferred model parameters at different temperatures to reveal the temperature dependence of hERG 338 gating kinetics. This is, to our knowledge, the first systematic effort to have taken this approach.
339
Using the staircase protocol, we were able to characterise hERG kinetics to the extent that our model can replicate both the 340 experimental training and validation data very well, for all of the measured temperatures. Our models can predict the current 341 response to the physiologically-relevant action potential protocols with a very high accuracy, demonstrating that our I Kr models 342 are robust in predicting hERG current, in both healthy and arrhythmic situations. This gives us confidence that the cell-specific 343 model parameters do represent and capture hERG kinetics at the given temperatures.
344
The directly fitted models reveal that the activation gate has a much higher temperature sensitivity than the inactivation gate. 
352
Our hierarchical Bayesian models at different temperatures are not only able to predict our validation data but also able to Table 1 ) for various gating processes. We asked, if the two experiments were to be repeated with 366 the same underlying kinetics, would they agree with one another? Using our directly-fitted models at 25 • C and 37 • C, we 367 simulated the two different sets of experiments described in (3, 4), for details see Supporting Material Section S9. We then 368 estimated two sets of Q 10 coefficients following the protocols and analysis in each of the papers, and the obtained values are
369
shown in Table 1 . The findings in Table 1 show strong evidence that due to different protocols the estimated Q 10 coefficients can 370 disagree. Furthermore, neither of the protocols reproduces the direct estimate of Q 10 coefficients from the model parameter 371 temperature relationships (shown in the bottom right of Figure 7 ). We conclude that extreme caution should be used when 372 directly modifying rates in models with experimental estimations of Q 10 coefficients.
373
Fitting directly to the staircase protocol at different temperatures does not require any assumption about the underlying 374 temperature dependence of the kinetic parameters, except that the model structure does not change. The existing well-known 375 models/approximations for temperature dependence of ion channel transition rates are the Q 10 and Typical Eyring formulations.
376
Our study has raised concerns about how accurate these relationships are. In terms of parameter values (Figure 7 ) none of these 377 methods is able to capture the full temperature dependence of the directly-fitted parameters, µ(T), and predictably this impairs an information-rich protocol, such as our staircase protocol (16).
385
The nonlinearity of some kinetic parameters on the Eyring plots implies the Generalised Eyring relationship is a reasonable 386 but imperfect temperature model. Under the assumption that the model structure is correct, we accurately captured the kinetics at 387 each temperature, and the model structure stays the same for all temperatures. However, we could challenge these assumptions,
388
and suppose that the Generalised, or even Typical, Eyring relationship is true for any transition of ion channel from one to a large source of (deterministic) variation but also introduce the problem of translation of their findings to physiological
407
temperatures. This translation is particularly problematic when an imperfect temperature model is used, such as the commonly 408 used Q 10 coefficient, as shown in this study. Extreme caution should be taken when using temperature-extrapolated in vitro drug 409 screening data in in silico models for risk prediction.
410
Given we have shown Q 10 coefficients definitely cannot capture the full temperature dependence of hERG kinetics (as 411 shown in Figure 7 ), and different drugs target different kinetics, then previous findings that there are no common set of Q 10 412 coefficients to describe the kinetics of drug block (52), are consistent with our results. In future, one could use our models to 413 study some of the temperature effects observed in drug studies (11).
414
CONCLUSION
415
We have studied the temperature dependence of hERG kinetics using a 15 second high-information content protocol developed 416 in Part I of this study (16). We characterised the temperature dependence by fitting a mathematical model of hERG channel 417 kinetics to data obtained at five distinct temperatures between 25 and 37 • C. We constructed between 45 and 124 cell-specific 418 hERG models at each temperature using the 15 second calibration protocol, and our cell-specific variants of the hERG model 419 were able to predict currents under eight independent validation protocols with high accuracy. We represented the variability in 420 parameters using a hierarchical Bayesian model, and were able to reproduce the temperature dependence observed in previous 421 literature studies. Our hERG models reveal that, overall, the activation process has a higher temperature sensitivity than the 422 inactivation process. The temperature dependence of the kinetic parameters we obtained takes a more complicated form than 423 that predicted by Q 10 coefficients or a Typical Eyring approach, although it broadly follows a Generalised Eyring relationship.
424
Our results show that a direct fit to the 15 second protocol is the best representation of hERG kinetics at a given temperature,
425
although predictions from the Generalised Eyring theory may be preferentially used if no such data are available. 
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